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SUMMARY

InxGa!_xSbwith x = 0.5, 0.3 and O.l was directionally

solidifiedunder a varietyof conditions. Identicalgradient-

freezeexperimentswere performedverticallywith the heateron

top, horizontallyand in Skylab(SL-3). Experimentswere also

performedin SL-4 with the heatertemperatureincreased.

Bridgman-Stockbargerand verticalgradientfreezeexperiments

were performedat USC. A transversemagneticfieldwas used to

inhibitconvectionin some of the USC Bridgmanexperiments.A

wide range of gra,insizeswas observed,but with no influenceof

growthconditionsyet observed. The numberof twins in the space-

Processedsampleswas much less than in the earth-processed

samples. Equilibriumbetweenthe growingcrystaland the bulk

melt was more nearlyachievedin the horizontallyprocessedingot, "

becauseof the enhancedfree convection. Gas bubbleswere trapped

In the ingotswhen the ampouleswere back-filledwith helium. The

bubblesweremore evenlydistributedin the Skylabingots. Micro-

crackswere more numerousin inhomogeneousregionsof the ingots.

The ingotsformed.inSL-.3had a smallerdiameterthan the tube,

but thos.ein SL-4did not. The grainswere very difficultto

distinguishfrom one anotherin five ou'tof six Skylabingots.

*Paperpresentedby WilliamR. Wilcox.
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I. INTRODUCTION

Althougha wide varietyof semiconductorcompoundsare avail-

able,the selectionof electronicand otherphysicalproperty

combinationsis limited. The rangeof availablepropertycombina-

tionsbecomesmuch largerif one considerssolidsolutionalloys.

For example,the electronicpropertiesof InSb-GaSballoysare such

thatGunnmicrowaveoscillationcan be observedwith some compositions,

but not in pure InSbor GaSb (1). Unfortunately,largehomogeneous

singlecrystalsof concentratedalloysare not produced. Filmsof

many alloyscan be producedby chemicalvapordepositionor by liquid

phase epitaxy,but many applicationsrequirebulk singlecrystals.

Directionalsolidificationof concentratedalloy semiconductors

producesa polycrystallinematerial. Homogeneouspolycrystalline

ingotsmay be producedby very slow zonelevelingeitherwith or

withouta solventadded,underconditionssuch that interfacebreak-

down due to constitutionalsupercoolingis avoided. One may speculate

thatgrainsare generatedby the compositionalvariationsarisingfrom

hydrodynamicfluctuationsin the melt. In order to test this sug-

gestion,directionalsolidificationexperimentswere performedon

InSb-GaSballoys. Thesewere carriedout on the earth i.nverticaland

horizontalpositions,with and withouta magneticfield,and in Skylab.

While dramaticdifferencesin grainsizewere not observed,several

interestingphenomenawere discovered.

II. SOLIDIFICATIONEXPERIMENTS

The phase diagramfor InSband GaSb is shown in FigureI. The

conditionsrequiredto avoid constitutionalsupercoolingwere estimated

from the phasediagramby use of the equation(3)

Cc

(Xc-Xo .
where G is the temperaturegradientat the interface,V is the freezing
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Figure 1. The InSb-GaSb pseudobinary phase diagram.(2).
X is mole fractionGaSb.

rate,m is the slope of the liquidusat the interfacialmelt composition

Xm, Xc is the mole fractioncompositionof the crystal,Cc is the total

molar concentrationin the crystal,Cm is the totalmolar concentration
in the melt, and D is the binarydiffusioncoefficient(assumedto be

2 x lO"5 cm2/sec). The resultsare shown in Figure2. Conditionswere

chosensuch that G/V was in the stableregionat the beginningof

solidificationin each experiment.MixturesinitiallycontainingI0%,

30% and 50% InSbwere employed.

A. NASA Experiments

For the NASA earth and SL-3experimentsthe value of G/V at the

beginningof resolidificationwas estimatedby use of heat transfer

calculations(performedby Westinghouse(6))to havebeen 816°C hour/

cm2. For SL-4 processedingotsthe initialG/V was similarlyestimated

to have been866°C hour/cm2.

Fusedsilicatubingof 8mm nominalinsidediameterand l mm

wall thicknesswas cut intonine-inchlengthsand sealedat one end to

preparethem for casting. Each such tubewas cleanedin soapand

water,followedby aqua regiaand a rinse in semiconductorgrade
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deionizedwater. Theywere then heatedin a horizontalfurnacetO

over 920°C. Heliumor argonwas passedover acetoneand into each

capsulefor a minimumof ten minutes,causinga layerof carbonto

coat the interiorwalls of the capsule. The purposeof this coating

was to preventthe stickingof the solid InxGal.xSbto the walls of
the silicacapsule.

The elementswere weighedin appropriateamountsand placed

intothe tubes. Each tubewas sealedundera vacuumof less than

lO"2 Torr. The ampouleswere then heatedin a verticalfurnaceat

over 900°Cfor at leastone hour. Frequentvigorousshakingwas

employedto enhancemixing of the melt. The ampouleusuallycracked

duringcooling. Sometimesall of the silicacould be mechanically

removedquite easilyfrom the ingot;sometimesit could not. In the

lattercase,HF was used to dissolvethe quartzin one to two days.

HF did not visiblyattackthe alloysin this period.

A typicalcast ingotis shown in Figure3. Longitudinaland

cross-sectionalslicesof two Ino.3Gao.7Sbingotsare shown in Figure
4. As can be seen,dendritesgrew alongthe entire lengthof the

ingot,as expectedfor such rapidsolidification.

Each such ingotwas cut to 9 cm lengthand chemicallyetchedin

l HN03:IHCl in order to removeenoughmaterialat the surfaceso that
it would fit looselyintocarbon-coated8mm I.D.silicatubes.

Graphiteplugs,quartzwool and a smallpiece of silicatubingwere

used to encapsulatethe sameles,as shown in Figure5. The graphite

plugs,made of high-purityPoco graphiteDFP-2 rods (impurities<

5 ppm),were used as spacersto positionthe ingotand to confinethe

melt duringcrystalgrowth. The quartzwool was used as a springto

allow for the expansionof the ingotlongitudinallyduring heating

and crystalgrowth. The pieceof quartztubingwas used to compress

the assembly. The ampouleswere evacuatedand backfilledwith lO Tort

of heliumprior to sealing.
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Figure 3. Photograph of casting.

Ino.3Gao.7Sb Ino.iGao.9Sb

Figure4. Photographsof cast ingots,
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Figure 5. Diagram of completed ampoule in experimental
cartridge.

These ampouleswere then sealedby Westinghousein stainless

steelcartridgesunder a vacuumof ! lO"4 Torr. The cartridgeswere

then processedby NASA in the WestinghouseMultipurposeElectric

Furnace(6). This furnaceconsistedof a resistanceheaterat one

end, a graphiteheat extractorat the other,and an insulatedregion

in between. Three cartridgeswere processedsimultaneouslyin each

run. As shown in Table I, three sampleswere processedvertically

with the heateron top,three horizontally,three on the second

Skylabmission,and three on the last Skylabmission. Powerwas

appliedso that the heaterwas at 960°C or 1020°C. This resultedin

meltingof somewhatover half of each ingot. After soakingfor 16

hours to allow homogenizationto occur,directionalsolidification

was accomplishedby programmingdown the heatertemperatureat 0.6°C

per minute. This resultedin a steadilyincreasingfreezingrate

sincethe temperaturegradientdecreasedas solidificationproceeded.

When the solid-liquidinterfacemoved withinthe heater,the freezing

rate increasedrapidlybecauseof the low temperaturegradientthere.

B. USC Experiments

Silicatubes of 9mm I.D.were cleanedas before,but were not

carboncoatedbecausestickingand crackingwere not a problemat the

low solidificationrates employed. Cleaneringotswith less oxides

on their surfaceswere obtainedby etchingthe Sb and In shot in
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TABLE I. SUt_ARY OF NASA EXPERIMENTS

Starting m.p. Heater Deviation Lengthin Meltba_k "
No. Composition (°C) _ from<ll1> Heater/CoolerI x (cm)__

Verticall_Processed

IA3 Ino.iGao.9Sb700 960 8.5/27.5= 0.31 3.5

3B Ino.3Gao.TSb678 960 18° I0.0/26/0= 0.38 4.2

2C Ino.iGao.9Db700 960 16° 12.0/24.0= 0.50 3.7

Horizontall_Processed

3A Ino.5Gao.sSb646 960 9.5/265 = 0.36 4.6

4B Ino.3Gao.TSb678 960 17° 14.0/22.0= 0.64 4.6

4C Ino.iGao.gSb 700 960 6° 8.5/27.5= 0.31 4.0

Sk¥1ab(SL-3) Processed

2A Ino.sGao.sSb646 960 16.7/19.3= 0.87 4.4

IB Ino.3Gao.7Sb678 960 9° 19.1/16.9= 1.13 4.0

IC Ino.iGao.gSb700 960 9° 17.4/18.6=0.94 3.7

Skylab(SL-4) Processed

5A Ino.sGao.sSb646 I020 I0.l/25.9= 0.39 4.7

2B Ino.3Gao.7Sb678 I020 15.0/21.0= 0.71 4.5

3C Ino.iGao.gSb700 I020 II.3/24.7= 0.46 4.2

l In min.

2
See Figure13.

3
Incorrectlylabelled. Shouldhavebeen 50% GaSb.
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IHC£:2H20for 10 to 15 minutesand then rinsingin methanol. The
tubeswere sealedunder a vacuumof 5 to 10 x lO'3 Torr. An ampoule

was then loweredinto ~12 mm I.D.heatertube. The temperaturewas

raisedabove the meltingpointof the desiredalloy for 24 hours,with

occasionalshakingin order to producea homogeneousmelt.

Two differenttechniqueswere employed--theverticalBridgman-

Stockbargertechniqueand the verticalgradientfreezetechnique.

Both furnaceswere constructedby winding22 gauge Kanthalwire on a

groovedalundumfurnacecore. A diagramof the gradient-freeze

apparatusis shown in Figure6. The temperaturegradientwas pro-

duced by a cooledcopperrod which projected3 to 4 inchesinto the

bottomof the furnaceand contactedthe ampoule. The heatertmperature

was then slowlyreducedby means of a temperatureprogrammer.The

initialvalue of G/V is estimatedto have rangedfrom 300 to 500°C

hour/cm2.

A diagramof the Bridgmanapparatusis shown in Figure7. The

voltageto the heaterwas heldconstantby a Sola constantvoltage

transformerin serieswith a variableautotransformer.The heater

temperaturewas about 900°C,while the circulatingcoolantwas at 4 to

5°C. The ampoulewas loweredat 4 to 8mm/day.

Temperatureprofilesin the Bridgmanampoulewere measuredby

sealinga 5mil chromel-alumelthermocouplein the tube. The thermo-

coupleleadswere in a two-holedaluminatube insidea silicatube.

The aluminatube extendedfrom the end of the silicatube. The

thermocouplebead, formedat the end of the aluminatube,was coated

with a ceramiccementto protectit from the melt. With the thermo-

couplefixed thereby,loweringthe tube throughthe furnaceproducedthe

temperatureprofilesshown in Figure8. The initialvalueof G/V in

the growthexperimentsis estimatedtherebyto havebeen 930 to 1500°C

hour/cm2. The furnaceprofilein Figure8 was measuredby means of a

thermocouplebetweenan identicalampouleand the furnacetubewall.

Previouswork on solidificationof InSb in a horizontalboat

showedthatfree convectioncouldbe greatlyreducedby means of a
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transversemagneticfield (4). We found thata transversefield in our

Bridgmanexperimentsalteredthe temperatureprofileas shown in

Figure9. This is indicativeof reducedconvection.No changein

temperaturedistributionwas notedas field strengthwas increasedfrom

2 kilogaussto 4 kG, so 4 kG was used for the growthexperiments. In

severalruns the fieldwas turnedon or off partway throughthe run.

III. RESULTS

A. Morphology

NASA providedX-radiographsof the Unopenedsampledcartridges

afterthermalprocessing,as shownin FiguresI0-13. Note that the

crosssectionsof the ingotsprocessedhorizontallywere not circular.

Those processedin SL-3 had irregularwavy surfaceswith diameterssome-

what lessthan the tubediameter. Ingot lC had a diameterof only

~6.4mm at one point. On the otherhand, thoseingotsprocessedin

SL-4 did have the tubediameter.

The radiographs,FigureslO-13,alsoallowedus to measurethe

melt-backposition,as definedin Figure14 and summarizedin Table I.

Therewas considerablevariationin the amountof materialinitially

melted in the thermalprocessing.Therewere two factorsinfluencing

the amountof melt-back:the thermalparametersof the semiconductor

and the exactgeometryof all componentsin the cartridge. The most

importantthermalparameterof the solid is its meltingpoint,which

increasesas the galliumcontentincreases. The lowerthe melting

point,the moremelt-backexpected. The most importantgeometric

factorsare the lengthof solidin the heaterand the lengthof solid

in the cooler. The higherthe ratioof the portionin the heaterto

that in the cooler,the more melt-backexpected. If we examineTable I

we see in comparingingot 2C to IA that the geometriceffectwas re-

sponsiblefor the largermelt-back. Comparingingot3B to 2C, the

meltingpointeffectpredominated.The horizontally-processedingots

had appreciablymore melt-backthan the vertically-processedingots.
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Figure12. X-ray imagesof cartridgesprocessedin SL-3.

Arrows indicatemelt-backpositions. "
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f

Figure13. X-ray imagesof cartridgesprocessedin SL-4.
Arrowsindicatemelt-backpositions.
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Figure 14. Definition of melt-back position

Free convection was clearly responsible--increasing the themal trans-

port in the melt withoutinfluencingthat in the solid. Comparing

ingot 3A to 4B, we see thatthe meltingpoint and geometriceffects

cancelled. Comparing4C to 3A, the meltingpoint increasecausedthe

melt-backto decrease,as expected. The first set of Skylabsamples

showedlessmeltbackthanthe earth grown samples;from the geometric

factorswe would expectmore meltback. This was probablydue to the

melt not contactingthe ampoulewall. The secondset of Skylabsamples

showedmore melt-backdue to the higherinitialtemperatureof the

heater.

The silicaampouleswere removedfromboth the NASA and the USC

processedingotsby soakingin HF for up to 2 days. The NASA samples

were then sandblastedto revealthe externalgrain structure,as shown

in Figure15. In all ingots,the slowlyrefrozenregioncontained

elongatedgrains. The originalcastingand the portionin the heater

which refrozerapidlywere both dendritic.

Both the NASA and the USC ingotswere cut longitudinallywith

an abrasivewire saw. The horizontally-processedingotswere cut

parallelto the gravitationalfield duringsolidification.One-half
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Figure15(a)o SandblastedNASA ingotsprocessedvertically.
Furnaceend on top.

320



Figure 15(b). Sandblasted NASA ingots processed horizontally.
Furnace end on right.
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Figure15(c). SandblastedNASAingotsprocessedin SL-3.
Furnaceendon top.
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Figure17(a). Sandblastedcross-sectionalslice from ingot IC
.{SL-3)about4mm from initialinterface
position.



Figure 17(b). Cross-sectional slices of ingot 2C, processed
vertically by NASA.

Etched in 2HF:2HAc:3HNO3.332
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DF-ll

Ino.5Gao.5Sb

Figure 18(a). USC Bridgman-grown ingots.
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DF-16

(Ino.1Gao.9sb)

DF-17 (Ino.iGao.9Sb)

Figure 18(b). USC Bridgman-Grown ingots.
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GF-6 GF-IO

Figure 19. USC Gradient-frozen ingots of

..... In0 lG.a0 9Sb.
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Figure22. Distributionof grain boundariesin NASA Ino.IGao.gSb
ingots.

A . Verticallyprocessed

o - Horizontallyprocessed

0 - SL-3 processed
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D. Twins

The numberof twin boundaries was similarly counted, as shown

in Figures 23-27. The numberof twins increased at first, particularly

in the earth-processed ingots. After the tnitial increase, the number

of twins decreased, except in the horizontally-processed ingots.

Twinning decreased as the In content of the inittal melt increased.

Twinning was much less in the space-processed ingots, particularly

as the In concentration increased. The USCBridgmanexperiments seem

to indicate that imposition of the magnetic field caused twinning to

decrease, but more experiments are neededto verify this.

E. Bubbles

Gas bubbles, or voids, were found in all of the NASAsamples.

Examplesare shown in Figure 28. Since the NASAampouleswere back-

filled with somehelium, these were presumably filled with helium.

The USCampouleswere sealed with a muchlower gas pressure, and so

no bubbles fomed, as expected (5).

As shown in Figures 29-31, the void distribution was different

in the earth-grownand space-grownsamples. For the samplesgrown on

earth,particularlythose processedhorizontally,the voidswere con-

centratedatthe initialliquid-solidinterface. This congregation

also servedto show that the initialinterfacewas planar,indicating

thatthe heatflowwas longitudinalas desired. For the samplesgrown

horizontally,in additionto the voids at the initialinterface,there

were also voidsalong the sidewhich was on top (at the free melt

surface)duringsolidification.The space-processedingotshad voids

dispersedthroughoutthe slowlygrown region. Those processedin SL-4

seemedto have somewhatfewerbubblesthan the SL-3 ingots.

F. Cracks

Figures15 and 16 showthatmicrocracksdevelopedin the

ingots. Examinationof the grain structurenearthe cracksindicated

that some cracksinhibitedgraingrowth,othersinitiatednew grains,
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Figure 28(a). Gas bubbles as seen on cross-sectional slices
of NASA horizontally processed ingots, near
initial interface_

346



Figure 28(b). Gas bubbles as seen in SL-3 ingot IB.
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and still others did not appear to influence the grain structure. The

latter probably developed after solidification during the cool-down.

At somecracks, the growth direction of the grains changed.

The distribution of cracks was counted by the samemethod used

for grain boundaries and twins. As shownin Figures 32-34 there were

more cracks in the cast portions and the last regrown regions. This

is probably due to compositional stresses brought about by constitu-

tional-supercooling generated inhomogeneit4es.

G. Atomic Absorption Analyses

A Perkin Elmer 306Atomic Absorption Spectrophotometer was used

to analyze for average Ga and In concentration of every third or fourth

cross-sectional slice of all NASAingots. Each slice was ultrasonically

cleaned in acetone, chemically polished with 2 HF:3 HN03:2 HAc, rinsed
in methanol, dried, weighed, dissolved in 5%HC¢, diluted with de-

ionized water, and analyzed. Figures 35-37 showthat the vertically-

processed and the Skylab-processed ingots had nearly identical concen-

tration profiles. The concentration profiles in the horizontally-

processed ingots are quite different because of the freeconvective

stirring present in those runs. Note also the changes in concentration

in the cast portions. These must have occurred during the soak period

prior to programmingdownthe heater. Since the castings were not

homogeneous,the solid-liquid interface would actually have been a

two-phase "mushyzone" in which recwstallization and compositional
redistributionwould be fairlyrapid.

H. Electron Microprobe Analyses

The longitudinal slices were cut into one-inch lengths and final

polished. These were analyzed at one millimeter intervals with an

electron microprobe in the In characteristic X-ray mode. At least three

passes were made over the length of the sample. The results are shown

in Figure 38. The scatter whichbegan to occur after several mm

of resolidification is indicative of a non-planar inteH'ace caused by
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Figure 37. Indium concentration profiles in NASA Ino.iGao.gSb ingots,

as determined by atomic absorption spectrometry.
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constitutionalsupercooling.From Figure2, the tendencytowardin-

stabilityshouldincreaseas the In contentof the melt at the inter-

face increases,as the temperaturegradientdecreases,and as the

freezingrate increases. All threeof thesetrendsoccurredas

solidificationproceeded. Note,however,that a much longerlength

of stablegrowthwas obtainedwith horizontalprocessing. There

were two reasonsfor this,both relatedto free-convectivestirring.

The melt-backwas greaterwith horizontalprocessing,as notedin

Table I. This causedthe interfacialtemperaturegradientto be

largersincethe distancefrom the interfaceto the heat sinkwas

decreased. Secondly,the free convectivestirringof the melt de-

creasedthe In concentrationin the melt at the interface,which was

also reflectedin the differenceinmacroscopicconcentrationprofiles,

as notedearlier. Table Ill comparesvaluesof G/V from the Westing-

househeat transferresults(6) with thosefrom Figure2 for constitu-

tionalsupercoolingunder the conditionsat which the inhomogeneities

began° The agreementis only fair.

The scanneron the electronmicroprobewas not operationalso

that possiblemicro-inhomogeneitiescouldnot be scannedin detail.

An attemptwas made to detectfluctuationsin In concentration_along

the growthdirectionin the slow regrowthregionof vertically-

processedsample2C near the initialinterfaceby takingpointcounts

two micronsapartover a distanceof twentymicrons. No variationwas

detected. Thismeans eitherthattherewas no variationor that this

methodwas not sufficientlysensitiveto detectit.

An attemptwas alsomade to determineif gravitysegregation

occurredin the horizontally-grownsample4C by takingpointcounts

0.4 mm apartacrossthe width of the sample. If gravitysegregation

had occurred,therewould have beena verticalcompositionalvariation

due to the combinationof free convectionand segregationat the grow-

ing interface. No variationwas detected,probablybecauseof the very

slowgrowthrates.
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TABLE III. VALUESOF G/V ESTIMATEDAT POINTSAT WHICH
INHOMOGENEITIESBECOMENOTICEABLEIN
ELECTRONMICROPROBERESULTSON NASA INGOTS

From Figure2
for Constitutional

FromWestinghouse Supercoolingwith

Run Calculations_6_"" D = 2 x lO"5 cm2/sec

Vertical

IA(c) 570 500

3B 670 lO00

2C 570 BOO

Horizontal

3A 670 1200

4B 550 870

4C 330 400

SL-3

2A 800 1800

IB 670 I000

IC 550 500

SL-4

2B 71'0 lO00
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IV. CONCLUSIONSAND DISCUSSION

Severalinterestingeffectsof gravitywere revealedby these

experiments.The concentrationprofilesand the compositional

homogeneitywere both stronglyinfluencedby the magnitudeand

directionof g, as expectedfrom free convectioneffects. The lack

of convectivestirringin space-processingleadsto a significant

initialcompositionaltransientwhich Cannotbe entirelyavoided,

althoughit can be greatlyreducedby loweringthe freezingrate. A

lowerfreezingratewould also avoidcompositionalinhomogeneities

due to constitutionalsupercooling.Productionof a homogeneousingot

would probablyeliminatecracking.

The most excitingdevelopmentwas the great reductionin twin-

ning broughtaboutby spaceprocessing. Sincethe causeof growth

twinningis not reallyknown,we can only speculatethat foreign

particlesare responsibleand thatthese interactmore frequentlywith

the growinginterfacewhen convectionis present.

The ingotsprocessedin SL-3 had a smallerdiameterthan the

tube. Apparentlythe melt did not wet the carboncoating. Surface

tensiondecreaseswith increasingtemperature,and the temperature

increasedwith distancefrom the interfacedown the melt, This would

haveforcedthe melt to contractnear the interfaceand to expandat

the hot end. Those processedin SL-4 had the samediameteras the

tube° The only differencebetweenthesetwo runswas that the heater

temperaturewas higherin SL-4. Since the compositionswere the same,

the interfacetemperatureswere the same, althoughthe portionof the

melt in the heaterwould have beenhotterin SL-4. We can only speculate

that this highertemperaturecausedthe melt to firstwet the tubewall

and thento spreaddown to the interface.

A wide varietyof grain sizeswas observed,but with no trend

yet observed. Sadly,thereappearsto be no largeadvantageto space

processingof alloysfrom thisstandpoint.

The preferredgrain orientationwas <Ill>in all cases.
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We have no explanation for the great difficulty in distinguish-

ing grains in the space-processed ingots.

Gas bubbles were more uniformly distributed in the space-

processed ingots, but this is not significant since they can be

avoided entirely by solidification in a reasonable vacuum (5).
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